As diagnostic precision becomes more sophisticated, the immediate activation of a biosensor in the presence of a target analyte may not always be desirable, such as when the analyte is only diagnostic when present in a mixture of other analytes. RNA viruses have such a high mutation rate they are best defined as a population of nucleic acid sequences, rather than a single sequence. Categorical diagnosis of different virus phenotypes within a family may require a series of sensors ranging from (1) highly specific, differentiating only between single nucleotide changes, to (2) generic for a population of homologous sequences, often using degeneracy to capture a larger range of sequences. Due to the direct signal transduction of traditional biosensors, such discrimination requires multiple parallel or successive reactions, resulting in a series of outputs from sophisticated instrumentation, which then has to be interpreted by a trained expert (or software program). We propose that sophisticated categorical interpretation can instead be embedded within the biosensor itself through the use of networks of molecular logic gates arranged into visual displays. Molecular logic gates use simple logic functions, AND, NOT and OR, to control activation of a downstream signal ( Fig. 1 and 3 ). [1] We previously demonstrated that networks of molecular logic gates made from deoxyribozymes could be engineered as game-playing automaton, [2] and could provide alphanumeric read-outs of molecular states, [3] including discrimination of Ebola and Marburg virus sequences. [3] Here we demonstrate the application of deoxyribozyme-based logic gate networks to the significant bioinformatics challenge of discriminating between 7 different genotypes of Lyssaviruses, a negative-stranded RNA virus genus that includes Rabies virus (RV). The resultant automaton uses, for the first time, a series of mixed base logic gate networks that enable full capture of the diversity of viral genotypes. In addition, a NOT gate is included to restrict nonspecific activation. [1a, 2-4] The YESABLV gate (A) is unable to cleave a FRET-labelled substrate until a 15nt input ABLV nucleic acid (B) is added, which binds to a stem-loop region, activating the gate to cleave the FRET-labelled substrate, resulting in the accumulation of fluorescence over time (C).
Rabies virus (RV) is transmitted through mammal bites, which, after a variable incubation period, leads to hydrophobia and other symptoms that result from fatal encephalitis. [5] Early symptoms are easily misdiagnosed as other common infections, and to date there is no single definite ante-mortem test for the detection of RV. A combination of tests is usually required to confirm presence, which require considerable expertise and expensive equipment, and are generally carried out in reference laboratories. In addition, rabies-like symptoms can also be caused by viruses other than RV. The Lyssavirus genus consists of at least six other pathogenic genotypes that also cause encephalitis and are transmitted through mammal bites: Lagos bat virus (LBV), Mokola virus (MV), Duvenhage virus (DV), European bat lyssavirus 1 (EBLV1), European bat lyssavirus 2 (EBLV2), and Australian bat lyssavirus (ABLV). [6] Molecular Lyssavirus diagnostics such as real-time PCR typically focus on the nucleoprotein (N) gene, [7] which contains both variable and conserved regions to enable delineation of genotypes. We analyzed multiple sequences alignments of this gene for regions able to uniquely but comprehensively discriminate between the seven genotypes of lyssaviruses, particularly to identify 15 nucleotide (nt) regions that could be used to activate complementary molecular logic gates (e.g. Fig.  1 & 3) . For RV, four 15 nt sequences with more than 94% consensus were identified and analyzed by BLAST (Basic Local Alignment Search Tool) to show no significant homology to other viruses or mammalian genes. However, for these four regions, some strains of RV had up to four nucleotides that did not match the chosen target sequences (Fig. S1A) . To circumvent this, we used complementary mixed bases in corresponding RV logic gates (Table 1) . Each mixed based logic gate was experimentally tested to detect six variations of RV sequences, to ensure the logic gates would recognize all RV strains. The logic gate YES RV4 was identified to produce the most digital like behavior for all 5 RV sequences (Fig. S2A) and was chosen as the RV biosensor for subsequent experiments. The other genotypes of the Lyssavirus genus phylogroup I (DV, EBLV1, EBLV2, and ABLV) shared significant sequence similarity compared to RV, and had to be analyzed as a single multiple sequence alignment to identify regions unique to each genotype (Fig. S1B ). These alignments yielded one target sequence able to match 100% of strains within each genotype (Table 1) . After BLAST analysis confirmed the genotype specificity of the sequences, gates with complementary sequences were synthesized and experimentally verified to successfully react with their target genotype sequence (Fig.  S2B ). Lyssavirus phylogroup 2 viruses (LBV and MV; Fig. S1C ) had relatively dissimilar sequences to the other genotypes, however, sequence alignment revealed the N genes of these two viruses were homologous in the region identified. Alignment of six different MV strains yielded one target sequence with nearly 100% identity in fourteen of the fifteen nucleotide positions, requiring a gate with complementary mixed bases in two positions (Table 1) . Experimental testing indicated all three sequence variations demonstrated digital-like behavior for this gate ( Fig. 2A) . Alignment of six strains of LBV yielded two consensus sequences, requiring 2-3 complementary mixed bases in the corresponding logic gates (YES LBV-1 and YES LBV-2 ; Table 1 ). YES LBV-1 had a varied performance, with different LBV variants giving different strength of signals (Fig. 2B ). Structural analysis of these gates indicated unwanted base pairing within the biosensor input binding domain due to sequence changes from the mixed base incorporation, making it more difficult for specific LBV configurations to bind and activate the logic gate (Fig. 2B ). The combination of YES MV-1 and YES LBV-1 data suggests that logic gates with 15nt binding loops can tolerate up to three internal complementary base pairing interactions, but become less active with four or more complementary base pairs. In contrast, YES LBV-2 was activated by a few strains of MV (data not shown). To circumvent this, we designed an LBV-2 NOT MV logic gate. This NOT logic gate could detect all four sequence variations of LBV, but did not activate if a specific variant of MV sequence was present (Fig. 3) , which demonstrates the power of the molecular logic system to include and exclude by design. [3] Once each logic gate had been established to demonstrate sufficient digital behavior to each genotype sequence variant, we subsequently confirmed that each gate only reacted to its specific set of intended sequences, and none of the corresponding unintended sequences from other genotypes (Fig.  S3) . We note that the gates that did not contain mixed bases demonstrated a much higher-level activation than the mixedbase logic gates. Thus while the mixed bases enable a greater detection of sequence variation, their inclusion does impact the diagnostic signal, and minimizing their use would be recommended whenever possible. Having confirmed the efficiency and specificity of the DNA logic gates, they were subsequently implemented in a diagnostic automaton able to identify all seven genotypes of Lyssavirus in a single system. The automaton was designed to provide a userfriendly visual display with both the first letter of the viral genotype name, and its genotype number. This identification of each virus by two output text displays is advantageous, as it increases the reliability of results. A 5 X 7 dot-matrix circuit for the arrangement of gate solutions was designed (Fig. S4) . Testing this automaton against all seven genotypes yielded fluorescent letters that mostly matched our expected layout (Fig.  4) . One well in the matrix (fourth row, second column) acted as a negative control, as no gate was added to this well, and this well did not show any background fluorescence activity. Some low levels of background fluorescence could be observed in wells that were not expected to fluoresce (for example, first row, seventh column of R1), which is likely due to the cumulative leakiness of multiple gates. We have previously demonstrated the judicious titration of gate concentrations can help reduce these untoward signals. [2] [3] However, the use of the two-digit system provided unequivocal read-outs without the requirement for further optimization. Our automaton was thus demonstrated to detect seven different genetic families within a single system, without any cross reactions, which is the largest capacity implemented so far using molecular logic gate networks.
The above experiments indicate that a diagnostic automaton can be programmed to identify 15 nt sequences derived from lyssavirus genomes. However, in an actual genetic test, much longer sequences would be expected to be present, as either the full ssRNA genome of the viruses, or via a dsDNA portion of the genome, amplified by reverse-transcription and PCR. To consider how our deoxyribozyme-based automaton could be linked to detection of viral genomes, we PCR amplified a 480 nt segment of the N gene from an infectious clone of Rabies virus (cSPBN). [8] We trialed combinations of phosphorylated and unphosphorylated forward and reverse primers, [7] as well as asymmetric concentrations of primers, followed by treatment with lambda exonuclease to digest phosphorylated DNA to produce a ssDNA template able to activate the deoxyribozymes (Fig 5A) . Subsequent experimental testing using the YES RV-4 logic gate indicated that use of a phosphorylated forward primer followed by digestion with lambda exonuclease gave the highest  fluorescence (Fig. 5B) . While the fluorescent signal obtained was much lower compared to using 15 nt single-stranded oligonucleotides as molecular logic gate inputs, the successful ability of the amplified DNA to activate a molecular logic gate indicated the method has potential for diagnostic implementation. Indeed, we note that implementation of deoxyribozyme-based biosensors in a single-tube with real-time PCR (without requiring post-amplification purification) has been previously demonstrated. [9] Figure 4. Lyssavirus diagnostic automaton. The automaton was constructed and tested seven times, with each run testing the automata using a 15nt sequence matching a different Lyssavirus genotype, resulting in 7 different visual displays. Pictures of actual assay plates after exposure to UV light are displayed (right) next to the expected results (left) in each case
While the amount of input tested in our proof-of-concept demonstrations (e.g., 62.5 nM for Figure 4 , or 1.8 x 10 12 copies/50 L) does not represent clinically relevant concentrations, further optimization of our Lyssavirus automaton could include the incorporation of isothermal amplification methods, [10] such as LAMP [11] to more rapidly enable amplification without requiring expensive thermocycling instrumentation, and to assist with providing clinically-relevant sensitivity. We note that LAMP assays for Lyssaviruses have been previously described, [12] however, LAMP requires 4-6 primers per assay, engendering it with a high specificity that often limits the assay to identifying only one, or a few strains of virus, not an entire genotype. [13] Our assay is the first time a comprehensive rapid assay can identify not only the rabies virus, but can also discriminate among various genotypes of the lyssavirus. Another optimization could be in simplifying the solution-phase format of our assay. While the solution-phase format has advantages for batch procession of large numbers of samples, the requirement of adding sample into multiple wells to activate each display pixel precludes use by untrained personnel. We are thus exploring incorporation onto a solid phase system such as lateral flow, [14] which would enable single addition of sample that could subsequently flow over multiple biosensors. Regardless of the final format, our system would provide highly unique benefits for genetic analyses: (1) the novel use of mixedbase logic gate networks enables large genetic capture of sequence families; (2) the molecular logic elements provide the ability to interrogate the presence, absence, or thresholding of multiple markers; [3] (3) the ability to use different logical operators in a detection network allows for the identification of multiple genetic signatures in a single system; [3] (4) the modularity of the gates enables design for practically any genetic sequence; [2] [3] [4] (5) reactions proceed without any requirement for post-processing of results; [3] and (6) our text display provides unambiguous read-outs, alleviating the need for digital readers that reduces the requirement for batteries to improves accessibility in point-of-care situations.
[3] Figure 5 . Detection of PCR-amplified Rabies virus infectious clone using YESRV-4. (A.) Agarose gel showing SYBR® Gold stained PCR-amplification using phosphorylated and asymmetric primers, with and without the template DNA Rabies infectious clone cSPBN [8] (B). PCR products amplified using forward, reverse and mixed-based phosphorylated primers (P) were digested with lambda exonuclease to create ssDNA, whereas asymmetric DNA did not need to be digested. Purified reactions were tested for activation of the YESRV4 logic gate, as observed by monitoring the slope of fluorescence increase over time ( fluorescence).
In summary, we have demonstrated the novel use of mixedbase molecular logic gate networks to develop a molecular automaton that can comprehensively discriminate between seven different genotypes of the Lyssavirus genus, and showcased the power of using embedded molecular logic functions to reduce non-specific reactivity of the underlying biosensors. Our system provides a user-friendly dot-matrix display to unambiguously indicate which one of seven Lyssavirus genotypes is present, and represents the largest capacity for multiplex diagnosis using molecular logic gate networks to date. The provision of an immediate diagnosis using molecular logic networks, which is not reliant on batteries or external readers, is highly relevant for development of devices for point-of-care operation.
Experimental Section
Design of Gates: To determine optimal 15 nucleotide (nt) sequences for use in gate design, GeneDoc [15] and BioEdit (Ibis Biosciences, Carlsbad, CA) were used to align the N gene of different Lyssavirus genus strains. After finding a conserved sequence, its reverse complement was placed into the input binding regions of the YES gate [1a, 2-4] (5' -GGAAGATCAT input region ATGATCTTCCGA GCCGGTCGAAAGTTACTA -3') or the NOT gate [1a, 2-4] (5'-CTGAAGAG YES input region CTCTTCAG CGAT GACTG NOT input region CAGTC CACCCATGTTAGTGA -3'), and the entire gate was folded (in silico modeling) using mfold. [16] When a gate produced five times more fluorescence increase (measured with slope of the fluorescence vs. time graphs, in arbitrary units, or  fluorescence) in the presence of input compared to the gate alone, it was deemed a successful gate.
FL Assay: All inputs, gates, and primers were custom ordered from Integrated DNA Technologies (Coralville, IA). Logic gates were PAGE purified whereas inputs and primers were desalted. Substrates were custom made double-HPLC purified by TrilLink Biotechnologies (San Diego, CA). All experiments were carried out in Tic Tac Toe Buffer (TTTB) (50 mM Hepes, 1 mM ZnCl2, 1 M NaCl, pH 7.0). 25 μL of a 25 nM gate and 125 nM input solution were added to wells of a 384 well plate. 25 μL of substrate, single stranded DNA (ssDNA) labeled with a fluoroscein and a quencher, at 2.5 μM was added to each well. Two substrates were used: NAS-SUBAND-1 (5'-(FAM)TAGTAACTaGAGAT CAT(BHQ1)), or NAS-SUBXOR-FL (5'-(FAM) (C6-NH) TCACTATaGGAA GAG(BHQ2)) (lower case letters indicate RNA). Final concentrations in each well were: 12.5 nM of gate, 62.5 nM of input, and 1.25 μM of substrate. The plate was measured in an EnVision 2101 multilabel reader (PerkinElmer, Shelton, CT), using 5% excitation light, 50% gain, and appropriate filters (λex=485±14 nm, λem=535±25 nm, green channel). The fluorescence was read every 5 minutes for 120 -495 minutes. TM Assay: All of the above conditions remain unchanged, except filter specifications for the use of TAMRA fluorescent dye (λex=531±60 nm, λem=595±60 nm, red channel). The substrate was NAS-SUBXOR-1 (5'-(TAMRA-X)(C6-NH)TCACTATaGGAAGAG (BHQ2)-3'). Analysis and Statistics: Each fluorescence trace exhibited a linear region (initial rate) and a plateau region. Slopes for the change in fluorescence were calculated from the linear region, usually in the first 325 minutes. All gate/input pairs were tested in duplicate assays, and standard deviations were calculated for all data. These standard deviations were presented as error bars for each point in the fluorescence traces, as well as in the calculated slopes graphs.
Construction of Visual Display Automaton:
A 5 X 7 dot-matrix system was set up in a 384 well plate. Each well consisted of 12.5 nM of each gate (except LBVNOTMV, which was added at 18.5 μM); 62.5 nM of the standard, "S", variation of the input being tested; 1.25 μM substrate NAS-SUBAND-1 and 1.25 μM substrate NAS-SUBXOR-FL. Fluorescence over time was tested in a FL assay, and the final accumulation of fluorescence was photographed the next day in a MultiDoc-It™ Imaging System (UVP, LLC, Upland, CA) using a SYBRGreen filter and 302 nm UV intensity.
Plasmid Growth, DNA extraction, and PCR: A vector containing a cDNA of RV (cSBPN) [8] was provided from Dr. Matthias Schnell (Thomas Jefferson University, Philadelphia, PA). We used this DNA to test primers BB6 (5'-GAT CAR TAT GAG TAY AAA TAT CC), JW6(DPL) (5'-CAA TTC CGA CAC ATT TTG TG), JW6(M) (5'-CAG TTA GCG CAC ATC TTA TG) and JW6(E) (5'-CAG TTG GCA CAC ATC TTG TG) (a cocktail of reverse primers) ( Table 2 ). The PCR protocol and primer sets were as described in Black et al (2002) . [7] The exception was phosphorylated JW6(mixed) (5'-/5Phos/ CAR TTR GCR CAC ATY TTG TG), which was derived from sequence alignments of RV against existing JW6 primers. Template DNA (25 ng) was amplified in a 50 μL solution consisting of 10 μL GoTaq® Reaction Buffer (Promega, Madison, WI), 0.2 mM dNTP, 0.5 μM of each primer, 1.25 units of GoTaq® DNA Polymerase (Promega, Madison, WI), and 2 mM of MgCl2. 1.5% Agarose Gels with SYBR Gold® stain (Molecular Probes, Eugene, OR) were used to analyze PCR products. Two different PCR approaches to generate single stranded DNA were utilized. The first approach used three different combinations of unphosphorylated and 5' phosphorylated primers, followed by exonuclease treatment: (1) phosphorylated BB6, JW6(DPL), JW6(M), JW6(E); (2) BB6, phosphorylated JW6(DPL), phosphorylated JW6(M), and phosphorylated JW6(E); (3) BB6 and phosphorylated JW6(mixed). The other approach used an asymmetric PCR protocol: BB6 (0.5 μM), JW6(DPL) (0.0125 μM), JW6(M) (0.0125 μM), and JW6(E) (0.0125 μM). 50 μL from all of these PCR products were cleaned using the MinElute PCR Purification Kit (QIAGEN, Hilden, Germany). 1 μL from the resulting 8 μL was then analysed on a 1.5% agarose gel. All PCR products from phosphorylated primers were treated with Lambda Exonuclease (5 units/ml; New England Biolabs, Ipswich, MA) in a 10 μL solution (8 μL PCR products, 1 μL 10X exonuclease buffer, 1 μL exonuclease). The reaction mixture was incubated at 37 °C (20 min) and heated at 75 °C (10 min). The 10 μL product was purified again, using the same PCR Purification Kit. The final 8 μL of product from each of the four PCRs, consisting of 480 nt RV ssDNA fragments, were tested in a 25 μL solution of YES RV-3 and YES RV-4 (12.5 nM each), in a FL assay.
